Tumor organoids are 3D cultures of cancer cells. They can be derived from the tumor of each individual patient, thereby providing an attractive ex vivo assay to tailor treatment. Using patient-derived tumor organoids for this purpose requires that organoids derived from biopsies maintain the genetic diversity of the in vivo tumor. In this study tumor biopsies were obtained from 14 patients with metastatic colorectal cancer (i) to test the feasibility of organoid culture from metastatic biopsy specimens and (ii) to compare the genetic diversity of patient-derived tumor organoids and the original tumor biopsy. Genetic analysis was performed using SOLiD sequencing for 1,977 cancer-relevant genes. Copy number profiles were generated from sequencing data using CopywriteR. Here we demonstrate that organoid cultures can be established from tumor biopsies of patients with metastatic colorectal cancer with a success rate of 71%. Genetic analysis showed that organoids reflect the metastasis from which they were derived. Ninety percent of somatic mutations were shared between organoids and biopsies from the same patient, and the DNA copy number profiles of organoids and the corresponding original tumor show a correlation of 0.89. Most importantly, none of the mutations that were found exclusively in either the tumor or organoid culture are in driver genes or genes amenable for drug targeting. These findings support further exploration of patient-derived organoids as an ex vivo platform to personalize anticancer treatment.
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biopsy-derived tumor organoids | colorectal cancer | DNA sequencing | copy number analysis | personalized medicine T he considerable variation among patients in sensitivity to antineoplastic treatment emphasizes the need for more accurate treatment selection. Numerous attempts have been made to develop a personalized in vitro platform to predict treatment response in individual patients, but no method has presently gained clinical acceptance (1) . Cell lines are not readily established for every individual patient, and although a higher take rate and early signs of predictive value have been reported for patient-derived xenograft models, the 6-8 mo required to gain sufficient material may prohibit its development as a clinical decision-making tool (2) .
A recently developed 3D culture system, enriching for the stem cell population, has enabled the indefinite propagation of normal and tumor epithelial cells of a variety of tissues (3) (4) (5) (6) (7) (8) (9) . These cultures, referred to as "organoids," are established in a relatively short time frame, are easy to manipulate, and facilitate high-throughput screens (10). However, their most important feature is that cultures can be derived from the tumor tissue of each individual patient. With adequate amounts of starting material, such as tumor resections, the success rate of derivation for colorectal cancer organoids is greater than 90% (10). However, in the metastatic setting there generally is no access to resection material, and acquisition of fresh tumor tissue often is limited to biopsies. To use patient-derived tumor organoids as a personalized screening tool for tailoring treatment, it is imperative that cultures from biopsy specimens have a high success rate and that the genetic landscape of the tumor be preserved in culture. This article addresses both topics.
Materials and Methods
Patients. Fourteen patients with metastatic colorectal cancer gave written informed consent to undergo two to four 18-gauge biopsies from accessible metastatic lesions (Fig. 1 ). This study was approved by the institutional review board of the University Medical Center Utrecht (protocol number NCT01855477). 
Significance
Chemotherapy has been proven in clinical studies to improve overall survival significantly. Unfortunately, there is a significant degree of heterogeneity in tumor chemosensitivity, often resulting in unnecessary treatment and needless exposure to toxic side-effects. A platform is needed that can identify preemptively which patients will or will not benefit from treatment. Tumor organoids, 3D cultures of cancer cells, present such an individualized platform. In this study we demonstrate that organoid cultures can be established from metastatic biopsy specimens with a high success rate and genetically represent the metastasis they were derived from. These data support the translation of this innovative technology to the clinic as an ex vivo screening platform for tailoring treatment. N-acetyl-cysteine (Sigma-Aldrich; A9165-5G), 10 mM nicotinamide (SigmaAldrich; N0636), 50 ng/mL human EGF (Invitrogen Biosource; PMG8043), 10 nM gastrin (Sigma; #G9145), 500 nM TGFb type I Receptor inhibitor A83-01 (Tocris; #2939), 10 μM p38 MAPK inhibitor (p38i) SB202190 (Sigma-Aldrich; S7067), 10 nM prostaglandin E2 (Tocris; #2296), and 1× Primocin (InvivoGen; #ant-pm-1)]. Fresh medium was added every 2 or 3 d. Outgrowing organoids were passaged every 7-10 d after mechanical and enzymatic disruption.
DNA Sequencing. A separate biopsy was used to compare the mutation and copy number profiles of the tumor biopsy and biopsy-derived cultures. Blood was drawn to obtain control DNA for germline variation. DNA was isolated from organoid cultures after 2-3 mo (depending on organoid growth rate). DNA was isolated using the Tissue and Blood DNA 500 Extraction Kit (Diasorin) according to the manufacturer's protocol. Matched blood, tumor biopsies, and biopsy-derived cultures were sequenced using the 5500xl SOLiD system (Applied Biosystems) according to the manufacturer's protocol. The minimum tumor percentage required to enable sequencing was 30%. Tumor cell percentage and percentage of necrosis were determined by a trained pathologist based on H&E staining. Six hundred nanograms of genomic DNA were required per sample to generate barcoded fragment libraries as described by Harakalova et al. (11) . Samples were enriched using SureSelect technology (Agilent Technologies) for the actionable cancer genome consisting of 1,977 genes, as previously described by Hoogstraat et al. (12) and Vermaat et al. (13) . The actionable cancer genome consists of all exons of genes known to be oncogenes, tumor-suppressor genes, kinases, or functioning in pathways involved in tumorigenesis and comprises ∼16% of the exome. Libraries were sequenced to an average coverage of 150×. Mapping, variant calling, and annotation were done as described by Hoogstraat et al. (12) . Somatic mutations were classified as unique for either tumor biopsy or biopsy-derived cultures if the allele frequency in the matching sample was <1%.
DNA Copy Number Analysis. DNA copy number profiles were generated from the BAM files using CopywriteR as described by Kuilman et al. (14) . In short, sequence reads outside the captured genomic regions (offtarget reads) were used to generate DNA copy number profiles. A depthof-coverage method was used for 100-kb bins, and the read count was normalized for GC content and mappability. Log 2 ratios were calculated for all tumor or organoid samples versus reference (blood) samples. The normalized and corrected log 2 ratios from CopywriteR were analyzed further by circular binary segmentation (CBS) and CGHcall (Bioconductor) (15) . CBS allows the detection of segments with nearly identical copy number states. CGHcall is used to classify data points as copy number gain, loss, or neutral.
Results
Organoid culture from metastatic biopsy specimens was successful in 10 of 14 cases (71%). For eight patients DNA from the tumor biopsy and its matched biopsy-derived culture were sequenced to assess whether the original genetic diversity of the tumor was preserved in culture (Fig. 1) . The remaining two patients from whom organoid cultures were established were excluded for this analysis because the tumor cell percentage of the biopsy was below 30%.
A mean of 19 (±4) somatic mutations were observed per patient (Fig. 2) . Ninety percent of somatic mutations were shared between tumor biopsy and organoid cultures. Somatic mutations in driver genes or other genes of interest were invariably detected in both tumor biopsy and biopsy-derived cultures from all patients (Fig.  2 ). An average correlation of 0.89 (range 0.77-0.96) was detected for DNA copy number profiles between matching tumor biopsy and organoid samples (Fig. 2) . The average percentage of data points detected identically as gain, loss, or neutral was 81% (range: 52-99%). Somatic mutations identified are presented in Table S1 , sequencing statistics in Table S2 , and tumor cell percentage and necrosis percentage of original biopsies in Table S3 . Copy number profiles for matched tumor biopsies and biopsyderived cultures per patient are shown in Fig. S1 .
Discussion
These data show that organoid cultures from colorectal cancer can be established readily from biopsies of metastases. The culture success rate of 71% for colorectal cancer compares favorably with the take rate of 15-20% for organoid cultures of biopsies from prostate cancer described by Gao et al. (6) . Sequencing data and copy number analysis were largely concordant between organoid cultures and tumor biopsies. The most important observation from our study, however, is that none of the 15 mutations that were found exclusively in either the tumor or organoid culture are in driver genes or genes amenable for drug targeting. Discordance, when present, could be attributed to biological factors such as sampling variation from a heterogeneous tumor or ongoing normal tumor evolution or to selection resulting from culture conditions. With current knowledge it is not possible to distinguish between these factors. Aside from biological processes, technical limitations can result in a misrepresentation of the actual concordance by impeding factors such as low coverage of a particular gene or sample. For instance, 6 of 15 unique mutations have a coverage of <25× of the gene in the matched sample (where the mutation was not identified), and for patient 04 and patient 06 overall coverage of the tumor sample and biopsy-derived culture, respectively, was very low (median coverage <50×) (Tables S1 and S2) . Furthermore, the presence of stromal cells and tumor necrosis in biopsies (resulting in a lower tumor percentage) may have resulted in less accurate detection of copy number aberrations and somatic mutations in the tumor biopsy as compared with the cultures. A lower tumor percentage can result in a misrepresentation of allele frequency in a negative way, so that the frequency can fall under the limit of detection. The actual allele frequency of a mutation in tumor biopsies thus is sometimes higher than depicted in Table S1 . A lower tumor percentage also affects copy number profiles by reducing the signal toward the diploid state, resulting in discrepancies in the intensity of red and blue shading between tumor biopsies and corresponding biopsy-derived cultures in Fig. 2 . This effect could have contributed to the discordance in patient 3 ( Fig. S1 and Table S3 ).
To conclude, organoid cultures from colorectal cancer can be established readily from biopsies of metastases with preservation of the mutational and copy number landscape. This result supports the translation of patient-derived tumor organoids to the clinic as an ex vivo test platform, with the potential to meet the dire need for a means to make more rational treatment decisions for the individual patient. Clinical trials to validate the predictive value of organoids have been initiated. 
